ABSTRACT Efficacies of phytase, phosphorolytic enzymes (phytase + acid phosphatase), an enzymic "cocktail" (phytase + acid phosphatase + pectinase + citric acid), a novel Aspergillus niger (fungal) mycelium (FM), and FM enriched in phytase and antioxidants were investigated in growing broilers (Days 1 to 21) fed wheat-based diets. Broilers were fed the following seven diets at 0.69% Ca: 1) a negative control diet, 0.17% nonphytate P (NPP); 2) Diet 1 + 750 phytase units/kg diet; 3) Diet 1 + 750 phytase units + 3,156 units acid phosphatase/kg diet; 4) Diet 1 + 750 phytase units + 3,156 acid phosphatase units + 1,900 units of pectinase/g diet + 3% citric acid; 5) Diet 1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% of glucose oxidase; and 7) a positive control diet (Diet 1 + 0.24% NPP from dicalcium phosphate). The dietary treatments were fed to four pen replicates of eight
INTRODUCTION
Phytate dephosphorylation by microbial phytase (EC 3.1.3.8) added to poultry feeds has been shown to increase P digestibility from 35% to around 60% (Schö ner et al.,1993; Kornegay et al., 1996) , reduce P content in excreta by 42% (Simons et al., 1990) , and increase protein digestibility and availability of minerals Sebastian et al.,1997) .
As a result of phytase addition, dietary specifications for available P [nonphytate P (NPP)] can be reduced from 0.45 to 0.33% without a negative influence on performance or bone mineralization of broilers. However, even if phytase is added to poultry feeds, a substantial portion of phytate remains indigestible. Different strategies have 1 To whom correspondence should be addressed: rrzyla@cyf-kr. edu.pl.
1434
birds each. Prior to feed formulation, mycelium and antioxidants dosages were optimized on Diet 1 by an in vitro technique and an experimental design module of a statistical software package. Phytase addition increased BW gain (BWG), feed intake, and P retention. Subsequent addition of acid phosphatase resulted in further increases in BWG, feed intake, and toe ash and reduced digesta viscosity; however, neither P nor Ca retention were improved. Body weight gain and feed intakes superior to those found in chicks fed Diet 7 were observed in birds receiving the cocktail of enzymes (Diet 4) or FM. Chicken fed Diet 6 had the highest percentage of toe ash and retained 76 and 51% of P and Ca, respectively. Supplementation of wheat-based 0.17% NPP diets with FM increased bursa of Fabricius weights and reduced the intestinal surface covered by Peyer's patches. been suggested to cope with the problem. Quian et al. (1997) confirmed that feeding megadoses of cholecalciferol increases the efficacy of phytase. Denbow et al. (1998) reported that soybeans transformed with a fungal phytase gene were more effective than microbial phytase. Another approach has been the development of genetically modified grains that are high in available P (Huff et al., 1998; Ledoux et al., 1999) . Ż yła et al. (1996) suggested that mixtures of phosphorolytic and cell-wall degrading enzymes added either as isolated proteins or in the intracellular form as a fungal mycelium (FM) may exert a profound stimulating effect on P utilization by poultry.
It was found in a previous study with growing broilers fed wheat-based diets containing 0.59, 0.69, or 0.79% Ca that phosphorolytic enzymes (phytase + acid phospha-tase) improved performance and bone mineralization mainly at 0.69% Ca (Ż yła et al., 2000) . Plant cell-wall hydrolyzing enzymes (a crude pectinase preparation) and citric acid added on top of phosphorolytic enzymes contributed substantially to additional increases in feed intake and BW gain (BWG) .
The enormous dephosphorylating potential of an Aspergillus niger mycelium, prepared from the waste of citric acid production, has been demonstrated previously in a study with turkey poults fed corn-soybean meal diets. In that study (Ż yła et al., 1996) , turkeys fed a corn-soybean meal diet supplemented with 5% FM retained 79.5% P and consumed more feed and gained more BW than did turkeys fed an NRC (1994) recommended diet.
The purpose of the present study was to compare the efficacy of microbial phytase, a combination of phytase and acid phosphatase, and an enzyme cocktail to the efficacy of a novel A. niger mycelium biosynthesized in the laboratory in dephosphorylating wheat-based feeds fed to growing broilers. As the mycelium preparation comprises A. niger cells and cells fragments, which might modulate the immune system of birds, another objective of the study was to assess a possible influence of dietary treatments on immune organ weights and intestinal surface covered by gut-associated lymphoid tissues (GALT).
MATERIALS AND METHODS

Enzymes
Preparations of microbial phytase, 2 acid phosphatase, 3 and pectinase 4 were from the same suppliers as in the previous study (Ż yła et al., 2000) . Glucose oxidase "Hyderase 15" was supplied by Amano Pharmaceutical Co.
5
Pullulanase "Pulluzyme" was from Rhone-Poulenc.
6
FM
The FM was biosynthesized by cultivating a selected A. niger strain on an appropriate medium at 30 C for 8 d in a liquid state fermentation system. 7 The mycelium was separated from the medium, dried by air at 40 C, ground, and stored at 4 C.
Enzyme Activity Measurements and Units
Activities of phytase, acid phosphatase, and pectinase were determined using procedures described previously (Ż yła et al., 2000) . One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic P from 2 mM sodium phytate in 1 min at 40 C, pH 4.5. Under these conditions, the phytase activity in the Finase P preparation was 5,150 FTU/g. One unit of acid phosphatase activity (AcPU) was equal to 1 µM/ min of p-nitrophenol liberated from 5.5 mM disodium pnitrophenylphosphate at 40 C, pH 4.5. Finase AP was found to have acid phosphatase activity equal 13,150 AcPU/g. One unit of polygalacturonase activity (PGU) was defined as the amount of enzyme that releases 1.0 µM reducing sugars from 0.7% apple pectin (degree of methylation, 60%)/min under the previously mentioned conditions. Pektopol PT-400 had the polygalacturonase activity of 172.72 PGU/µL.
In Vitro Digestions and Measurements
Triplicate samples (1 ± 0.001 g) of a diet, ground through a 1-mm screen, was weighed into a 5-mL plastic syringe without Luer-lock tips. The feed sample was hydrated with double distilled water and HCl solution so that a pH value of 5.80 was obtained. When an enzyme solution was applied, water was partly (or completely) substituted by the enzyme solution. The contents of each tube were vortexed, sealed with parafilm, and incubated in a water bath at 40 C for 30 min. Then, 0.5 mL of 1.5 M HCl and 3,000 units of pepsin were added to each tube, mixed well, vortexed, sealed with parafilm, and reincubated for 45 min at the same temperature. At the end of this period, 0.455 mL of 1 M NaHCO 3 containing 3.7 mg/mL pancreatin 8 was added dropwise with constant stirring into each tube. The slurry was transferred quantitatively to segments of dialysis tubing 9 by means of the syringe piston. Segments were placed in 250-mL Erlenmeyer flasks containing 100 mL of 0.1 M NaCl in a 0.05 M succinate buffer (pH 6.10) and incubated in a shaking water bath at 41.1 C (temperature of dialysate, 40 C). Samples of the dialysate were withdrawn after 240 min to determine inorganic phosphate, pentoses, protein, and reducing sugars concentrations using procedures described previously (Ż yła et al., 2000) . In the current study, the procedure was used in preliminary in vitro investigations to evaluate the influence of supplemental enzymes and FM on P release from the negative control diet and to determine effects of different substances on P release from the negative control diet supplemented with FM. Dietary treatments employed in the feeding trial were also evaluated by the procedure. This approach has been described in detail and discussed in the previous work (Ż yła, et al., 2000) .
Experimental Design and Birds Used in the Feeding Trial
Two hundred twenty-four 1-d-old Hubbard broiler chicks were purchased from a commercial hatchery 10 and allotted randomly to stainless steel battery brooders with wire mesh floors. The temperature was maintained at 32 The following experimental diets were formulated: 1) a negative control diet, 0.17% nonphytate P (NPP); 2) Diet 1 + 750 phytase units/ kg diet; 3) Diet 1 + 750 phytase units + 3,156 units acid phosphatase/ kg diet; 4) Diet 1 + 750 phytase units + 3,156 acid phosphatase units/ kg diet + 1,900 units pectinase/g diet + 3% citric acid; 5) Diet1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% glucose oxidase; 7) positive control diet, Diet 1 + 0.24% NPP (from dicalcium phosphate). One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic from 2 mM sodium phytate in 1 min under 40 C, pH 4.5. One unit of acid phosphatase activity (AcPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40 C, pH 4.5. One unit of pectinase (PGU) was defined as the amount of enzyme that released 1.0 µM reducing sugars from 0.7% apple pectin (degree of methylation, 60%)/min under the above conditions. Dietary ingredients were added at the expense of wheat, and the ME was adjusted by increasing amounts of vegetable oil.
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Supplied per kg of feed: retinyl acetate, 12,000 IU; cholecalciferol, 3,000 IU; dl-α-tocopheryl acetate, 20 mg; menadione sodium bisulfite, 3 mg; thiamin mononitrate, 2 mg; riboflavin, 6 mg; pyridoxine, 2 mg; cyanocobalamin, 15 µg; nicotinic acid, 20 mg; calcium pantothenate, 12 mg; folic acid, 1 mg; biotin, 50 µg; cholineؒHCl, 200 mg; Mn, 65 mg; Zn, 50 mg; Fe, 20 mg; Cu, 6 mg; I, 0.5 mg; Se, 0.1 mg; Co, 0.2 mg; ethoxyquin, 125 mg; virginiamycin, 15 mg; and diclasuril, 1 mg.
± 1 C during the 1st wk. Every 7 d, the temperature was decreased by 2 C until Week 3. Lighting was continuous, and feed and water were provided ad libitum. The experimental design consisted of seven dietary treatments with four replicates of eight birds allotted randomly to each dietary treatment from Day 1 to Day 21. In the experiment, concentrations of enzymes, organic acids, and FM fed to growing broilers were those established in the in vitro preliminary study. Dietary ingredients (enzymes, FM, and antioxidants) were not selected a priori; the choice resulted from screening and optimization experiments (see Statistical Analyses section).
Diet Composition and Preparation
The low P, negative control, basal diet was formulated to contain 0.17% NPP (Table 1) . Broilers were fed the following seven diets at 0.69 % Ca: 1) a negative control diet, 0.17% NPP; 2) Diet 1 + 750 phytase units/kg diet; 3) Diet 1 + 750 phytase units + 3,156 units acid phosphatase/kg diet; 4) Diet 1 + 750 phytase units + 3,156 units acid phosphatase + 1,900 units pectinase/g diet + 3% citric acid; 5) Diet 1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% glucose oxidase; and 7) a positive control diet, NC + 0.24% NPP (from dicalcium phosphate). The concentration of NPP in Diet 7 was calculated to meet total P content of the test diets. Therefore, the test diets would have the same nutrient content and the same Ca:NPP ratios as the PC diet only if total dephosphorylation of feed phytates took place in vivo.
Powdered enzymes were premixed with a small quantity of feed and added to the remaining part of a diet during final mixing; the liquid enzyme (pectinase) was sprayed on feeds in the final mixer. All of the diets were formulated to be isonitrogenous and isocaloric, assuming that the protein and energy contributions from enzymes, FM, citric acid, and ascorbic acid were insignificant. In Diets 4, 5, and 6, enzymes and FM were added at the expense of wheat, whereas concentrations of soybean meal and vegetable oil were adjusted so that the requirement of constant protein and energy concentrations in all dietary treatments was fulfilled. In the course of the experiment, all diets were stored in a cooler at 4 C.
Sample Collection and Assays
At the end of Week 3 of the experiment, chicks were weighed individually, and feed consumption was determined for each pen. During the 3rd wk (Days 15 to 20), a total collection of excreta from each pen was carried out. Excreta were stored in plastic bags at −20 C. After thawing, the excreta were dried in an oven at 50 C to a constant weight, weighed, and ground to pass a 1-mm sieve. On Day 21, the chicks were killed by cervical dislocation. Eight toe samples were obtained per replicate by carefully and uniformly severing the middle toe from each foot between the second and third tarsal bones. The samples were dried at 100 C for 24 h, weighed, and dryashed at 600 C overnight for determination of toe ash. Selected organs (proventriculus, gizzard, pancreas, liver, spleen, and bursa of Fabricius) were excised and weighed for four birds per replicate. The whole intestines of three birds from each of the seven diet groups were carefully removed, and samples of intestinal contents were collected from upper parts of the small intestine, placed on ice, and centrifuged. Viscosity of the supernatants was determined on a capillary viscometer. Small intestines were cleaned and kept in 40% ethanol solution for determination of GALT. Each intestine was cut along a mesenterium and treated with 10% acetic acid solution until the aggregates of white lymphoid tissues were visible. Intestinal surface covered by patches that formed tight aggregates (folliculi lymphatici aggregati, Peyer's patches) was determined. Duplicate samples of feed were digested by a wet-ash procedure, which was validated by including standard reference material 1,572 (Citrus leaves) from the National Institute of Standards and Technology. Phosphorus concentration was determined colorimetrically by the molybdo-vanadate method (AOAC, 1995). Calcium was analyzed by flame atomic absorption spectrophotometry.
Statistical Analyses
The in vitro procedure was used to determine dephosphorylation levels in feed supplemented with different dietary additions. Selection of factors that significantly enhanced feed dephosphorylation in the presence of FM was performed using the Experimental Design Module of Statgraphics Plus for Windows (1996) using 2 3 factorial screening designs (three factors, two levels). In this design, the observations may be described by the model y ijkl = µ + τ i + β j + γ k + (τβ) ij + (τγ ik + (βγ) jk + (τβγ) ijk + ε ijkl ; <i = 1, 2; j = 1, 2; k = 1, 2; l = 1, 2,…,n,>, where µ is the overall mean effect; τ i is the effect of the ith level of the factor A; β j is the effect of the jth level of factor B; γ k is the effect of the kth level of factor C; (τβ) ij , (τγ) ik (βγ) jk , and (τβγ) ijk are the effects of interactions; ε ijkl is a random error component; and n is the number of observations per each level combination (Montgomery, 1997) . To find optimal dosages of significant factors, the screening design was augmented by adding eight centerpoints and star points to form a central composite design (number of runs, 22; error df, 12). Results were subjected to AN-OVA, and nonsignificant components were removed from the response surface model that can be described as y = β 0 + Σβ i x i + Σβ ii x i 2 + ΣΣβ ij x i x j + ε, where the coded variables x 1 , x 2 , and x 3 represent factors A, B, and C, respectively. The corrected model was tested for adequacy using the residual plots method and for the lack of fit. Coefficient of determination and the "path of steepest ascend" were calculated. The "path of steepest ascent" was followed to establish optimal levels of significant factors (Montgomery, 1997) .
Data collected in the feeding trial were analyzed by the General Linear Models Procedure of Statgraphics Plus for Windows (1996) . Mean differences were determined using Fisher's least significant difference test. Statistical significance was declared at P < 0.05. Organ weights were adjusted for final BW by covariance analysis.
RESULTS
Efficacy of Finase P Phytase, Finase AP Acid Phosphatase, Pektopol PT-400 Pectinase and Citric Acid in a Preliminary Optimization of Feed Dephosphorylation by the In Vitro Multidigestion Procedure
Amounts of dialyzable P released from the low P, negative control diet (Diet 1) as a function of increasing dosages of phytase, ranging from 0 to 1,250 FTU/kg feed, the efficacy of tiered concentrations of acid phosphatase (Finase AP) ranging from 0 to 10,783 AcPU/kg added to the feed along with phytase (750 FTU/kg), the effects of pectinase (Pektopol PT-400) that was added on top of the two phosphorolytic enzymes in amounts varying FIGURE 1. Amounts of P released from a wheat-based feed (0.41% total P, 0.17% nonphytate P) by tiered concentration of a novel Aspergillus niger mycelium (-᭝-) and commercial phytase (Finase P; Rö hm Enzyme Finland Oy, 05200 Rajamäki, Finland) (------) assayed by the multidigestion in vitro procedure. One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic P from 2 mM sodium phytate in 1 min at 40 C and pH 4.5. from 0 to 7,600 PGU/g feed, and the influence of citric acid on the process of feed dephosphorylation were almost identical to those observed previously (Ż yła et al. 2000) . The optimal enzyme dosages were as follows: phytase, 750 FTU/kg; acid phosphatase, 3,156 AcPU/kg; pectinase, 1,900 PGU/g; and citric acid, 3%.
Efficacy of FM in a Preliminary Optimization of Feed Dephosphorylation by the In Vitro Multidigestion Procedure
Amounts of dialyzable P released from the low P, negative control diet (Diet 1) as a function of increasing dosages of FM, ranging from 0 to 5%, are depicted in The response curve reached a plateau at around 4% of supplemental mycelium, the activity that corresponded to ca. 4 g/kg of released P and 90% of the total P content in feed. For comparison, the response curve to tiered phytase activity, ranging from 0 to 1,250 FTU/kg, was also depicted in Figure 1 . Because the FM was not able to dephosphorylate phytates in feed completely, several enzyme activities and different substances were tested in vitro to find those that enhanced feed dephosphorylation in the presence of the mycelium preparation. Selected results of the in vitro experiments, which were designed and analyzed by an experimental design module of a statistical software package (Statgraphics Plus for Windows, 1996) , are given in Table 2 . In the first experiment, FM and ascorbic acid significantly influenced feed dephosphorylation, whereas 2 ***P < 0.001; **P < 0.01; *P < 0.05; NS = P > 0.05.
xylanase supplementation had no effect. In the second experiment, phytase and glucose oxidase addition stimulated dephosphorylation of feed supplemented with 4% FM and 3% ascorbic acid. Pullulanase, a starch debranching enzyme, did not influence the dephosphorylation process. The third experiment confirmed that phytase, glucose oxidase, and ascorbic acid, added on top of FM, cause complete dephosphorylation of wheat-based feed. A central composite design was used to determine optimal concentrations of phytase, glucose oxidase, and ascorbic acid. The original analysis of variance for the amounts of dialyzable P released from feeds is shown in Table 3 . When the nonsignificant factors were removed from the model, the corrected model was tested for adequacy and lack of fit; coefficient of determination and the "path of steepest ascend" were also calculated. Following the "path of steepest ascend," it was revealed that 1,300 FTU phytase, 20 g ascorbic acid, and 10 g glucose oxidase/ kg feed were the optimal dosages. The dosages of phytase, acid phosphatase, pectinase, and citric acid, initially opti- mized by the in vitro technique, as well as the dosages of FM, phytase, glucose oxidase, and ascorbic acid were subsequently tested in a feeding trial to assess their influence on the performance of broilers.
Broiler Feeding Experiment
Significant effects of dietary additions were observed for feed intake, BWG, feed efficiency, toe ash, and viscosity of chick digesta. The influence of enzymes and FM on BWG parallelled that of feed intake (Table 4) . Chicks fed the low P, negative control diet (Diet 1) consumed less feed and gained less weight than those assigned to other dietary treatments. Phytase supplementation of Diet 1 resulted in significant increases in feed intake (647 vs 516 g) and BWG (389 vs 289 g). Chicks receiving the diet enriched with the two phosphorolytic enzymes (phytase + acid phosphatase) consumed more feed (704 vs 647 g) and gained more weight (430 vs 389 g) than those fed phytase as the sole supplemental enzyme. Subsequent enrichment of the phosphorolytic enzymes diet with pec- Means within rows with no common superscript differ significantly (P < 0.05).
1 Data represent means of quadruplicate groups of eight chicks during the period from 1 to 21 d posthatching.
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Experimental diets: 1) a negative control diet, 0.17% nonphytate P (NPP); 2) Diet 1 + 750 phytase units/kg diet; 3) Diet 1 + 750 phytase units + 3,156 units of acid phosphatase/kg diet; 4) Diet 1 + 750 phytase units + 3,156 acid phosphatase units/kg diet + 1,900 units pectinase/g diet + 3% citric acid; 5) Diet 1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% glucose oxidase; 7) positive control diet, Diet 1 + 0.24% NPP (from dicalcium phosphate). One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic P from 2 mM sodium phytate in 1 min under 40 C, pH 4.5. One unit of acid phosphatase activity (AcPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40 C, pH 4.5. One unit of pectinase (PGU) was defined as the amount of enzyme that released 1.0 µM reducing sugars from 0.7% apple pectin (degree of methylation, 60%)/min under the above conditions. Dietary ingredients were added at the expense of wheat, and the ME was adjusted by increasing amounts of vegetable oil. tinase and citric acid resulted in significant increases in feed intakes (764 vs 704 g) and BWG (484 vs 430 g). Compared with the "enzymic cocktail" treatment (Diet 4)), birds fed diets fortified with 4% FM (Diets 5 and 6) consumed similar amounts of feed and, consequently, gained similar weights. No influence of supplements added on top of FM (Diet 6) was noticed with respect to feed intakes and BWG. It is worth mentioning that the performance of birds fed Diets 4, 5, and 6 was superior to that of birds fed the positive control diet (Diet 7) with 0.41% NPP.
Although the phenomenon of gradual improvement resulting from subsequent addition of enzymes and FM was also observed for feed efficiencies, the effects were much less pronounced than in the case of feed intakes and BWG. Efficiencies of feeds that contained at least the two phosphorolytic enzymes (Diets 3 and 4) and those of feeds supplemented with FM (Diets 5 and 6) were superior to efficiencies of the negative control diet (0.41% total P) with no dietary supplements. In addition, chicks fed diets supplemented with FM were more efficient than were chicks fed phytase as the sole supplemental enzyme.
Some of the dietary supplements significantly increased toe ash percentage of experimental birds. The highest increase was found in birds consuming the Diet 6. Chicks assigned to this dietary treatment had a higher percentage of ash in the toes (12.63%) than did chicks fed the positive control diet (11.94%) or the negative control diet (8.73%). In birds consuming feeds enriched with either the "enzymic cocktail" or FM, percentage of ash in the toes was similar to that observed for chicks fed the positive control diet. The efficacy of phytase in increasing the percentage of ash in the toes was low because acid phosphatase addition on top of phytase was needed to improve bone mineralization of birds significantly.
The highest digesta viscosities were found in birds fed the negative or positive control diets as well as in those receiving diets supplemented with phytase. In chicks fed the two phosphorolytic enzymes (Diet 3), digesta viscosities were significantly lower when compared with those of chicks fed Diet 1 (5.67 vs 7.11 mPaؒs). Addition of pectinase and citric acid further reduced intestinal viscosities of birds (4.07 vs 5.67 mPaؒs). Fungal mycelium caused an almost 40% reduction in digesta viscosity as compared with Diet 7 (4.38 vs 7.11 mPaؒs). The lowest intestinal viscosities were observed in birds fed either Diet 4 (4.07 mPaؒs) or Diet 6 (3.92 mPaؒs).
There was a significant influence of dietary treatment on P and Ca retention (Table 5 ). The lowest P retention (47%) was found in birds consuming the positive control diet. The retention of P from the negative control diet amounted 49%. Phytase addition caused only a 9% increase in P retention, whereas the addition of acid phosphatase on top of phytase did not further influence amounts of P retained by chicks. Chicks receiving the cocktail of enzymes retained 23% more, and those fed FM retained 24% more, P than did chicks fed the positive control diet. The highest retention of P (76%) and Ca (50.9%) was observed in chicks fed Diet 6. Amount of P excreted expressed as mg P per bird per day was moderately correlated with P retention (R = −0.611), but the relationship was much stronger (R = −0.896) when P excreted was calculated as mg P per g BWG. As compared with the positive control diet, using P excretion per g BWG, chicks fed Diet 6 excreted 68.5% less P (Table 4) .
The amount of P freed in vitro from Diet 6 accounted for 99.7% of its total P content (Table 6 ). Ninety-six and 90% of the total P was hydrolyzed in Diets 5 and 4, respectively, whereas only 40% of the total P was released from the negative control diet. Amounts of P freed from feed samples in vitro, expressed as a percentage of their total P contents, correlated well with P retention (R = 0.902) and P excreted (R = −0.784) calculated in mg P/g BWG. Phytase increased amounts of P found in the dialyzates, but it did not alter other in vitro measurements. Both phosphorolytic enzymes significantly increased concentrations of all of the in vitro measurements, except reducing sugars. The highest amounts of dialyzable P, protein, and reducing sugars were found in samples of Diet 6. Pentose release was stimulated mainly by pectinase addition, as well as by phytase, glucose oxidase, and ascorbic acid addition to feeds supplemented with 4% FM.
Weights of gizzard, liver, pancreas, heart, and spleen were not influenced by dietary additions (data not shown), but weights of proventriculus, bursa of Fabricius, and intestinal surface covered by Peyer's patches significantly differed among treatments (Table 7) . Generally, the addition of enzymes or FM resulted in lowered weights of proventriculus and increased weights of bursa. However, only the addition of FM to diets affected the surface area covered by Peyers' patches by causing a reduction in the surface area covered by Peyers' patches.
DISCUSSION
A novel preparation of A. niger mycelium biosynthesized in the laboratory proved to be a highly efficient dephosphorylating biocatalyst both in vitro and in vivo. Amounts of dialyzable P that were released by tiered concentrations of FM almost doubled those freed from a wheat-based feed by a commercial phytase. This high efficacy was reflected in enhanced performance, enhanced bone mineralization, and high retention of P and Means within columns with no common superscript differ significantly (P < 0.05). Experimental diets: 1) a negative control diet, 0.17% nonphytate P (NPP); 2) Diet 1 + 750 phytase units/kg diet; 3) Diet 1 + 750 phytase units + 3,156 units of acid phosphatase/kg diet; 4) Diet 1 + 750 phytase units + 3,156 acid phosphatase units/kg diet + 1,900 units pectinase/g diet + 3% citric acid; 5) Diet 1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% glucose oxidase; 7) positive control diet, Diet 1 + 0.24% NPP (from dicalcium phosphate). One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic P from 2 mM sodium phytate in 1 min under 40 C, pH 4.5. One unit of acid phosphatase activity (AcPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40 C, pH 4.5. One unit of pectinase (PGU) was defined as the amount of enzyme that released 1.0 µM reducing sugars from 0.7% apple pectin (degree of methylation, 60%)/min under the above conditions. Dietary ingredients were added at the expense of wheat, and the ME was adjusted by increasing amounts of vegetable oil.
Ca in chicks fed mycelium-supplemented wheat-based diets. Efficacy of the FM was superior to the efficacy of phytase, better than the combined efficacy of phytase and acid phosphatase, and similar to the combined effectiveness of phytase, acid phosphatase, and pectinase. These results are not surprising because all of these enzymes were found, among others, in abundant quantities as intracellular or membrane-bound activities of FM (Ż yła, 2000, unpublished data) . In a previous study with turkey poults fed corn-soybean meal diets, supplementation of diets with 5% FM prepared from a waste from citric acid production increased P and Ca retention by 37 and 8%, respectively (Ż yła et al., 1996) . In this study, the increases in P and Ca retention that can be attributed to the biocatalytic action of the novel FM amounted to 26 and 6%, respectively. In the previous study, however, a commercial phytase added at an optimal concentration increased P retention in turkeys by 24%, that is 14% more than in broilers studied in the current investigations. Therefore, the differences in the yield of dephosphorylation between FM-supplemented diets used in the previous and current investigations should be attributed to the type of feed and organism studied rather than to the efficacy of the biocatalyst used. Differences in susceptibility to dephosphorylation between corn-soybean feeds and feeds based on wheat that reflect different solubilities of corn and wheat phytates under gastrointestinal pH conditions have been discussed previously (Ż yła et al., 2000) .
Complete dephosphorylation of a wheat-soybean feed was observed in vitro after the 4% mycelium-supplemented feed had been enriched additionally with significant activities of phytase and glucose oxidase and citric acid. This finding seemed surprising as the FM itself was Experimental diets: 1) a negative control diet, 0.17% nonphytate P (NPP); 2) Diet 1 + 750 phytase units/kg diet; 3) Diet 1 + 750 phytase units + 3,156 units of acid phosphatase/kg diet; 4) Diet 1 + 750 phytase units + 3,156 acid phosphatase units/kg diet + 1,900 units pectinase/g diet + 3% citric acid; 5) Diet 1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% glucose oxidase; 7) positive control diet, Diet 1 + 0.24% NPP (from dicalcium phosphate). One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic P from 2 mM sodium phytate in 1 min under 40 C, pH 4.5. One unit of acid phosphatase activity (AcPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40 C, pH 4.5. One unit of pectinase (PGU) was defined as the amount of enzyme that released 1.0 µM reducing sugars from 0.7% apple pectin (degree of methylation, 60%)/min under the above conditions. Dietary ingredients were added at the expense of wheat, and the ME was adjusted by increasing amounts of vegetable oil.
high in phytase activity. Taking into account antioxidant properties of glucose oxidase and ascorbic acid, one may conclude that intracellular phytase in the FM, similar to most A. niger phytases, is prone to oxidative damage in the small intestine as the pH increases. Antrim and Sol- Experimental diets: 1) a negative control diet, 0.17% nonphytate P (NPP); 2) Diet 1 + 750 phytase units/kg diet; 3) Diet 1 + 750 phytase units + 3,156 units of acid phosphatase/kg diet; 4) Diet 1 + 750 phytase units + 3,156 acid phosphatase units/kg diet + 1,900 units pectinase/g diet + 3% citric acid; 5) Diet 1 + 4% FM; 6) Diet 1 + 4% FM + 1,300 phytase units + 2% ascorbic acid and 1% glucose oxidase; 7) positive control diet, Diet 1 + 0.24% NPP (from dicalcium phosphate). One unit of phytase activity (FTU) was defined as the amount of enzyme required to liberate 1 µM inorganic P from 2 mM sodium phytate in 1 min under 40 C, pH 4.5. One unit of acid phosphatase activity (AcPU) was equal to 1 µM/min of p-nitrophenol liberated from 5.5 mM disodium p-nitrophenylphosphate at 40 C, pH 4.5. One unit of pectinase (PGU) was defined as the amount of enzyme that released 1.0 µM reducing sugars from 0.7% apple pectin (degree of methylation, 60%)/min under the above conditions. Dietary ingredients were added at the expense of wheat, and the ME was adjusted by increasing amounts of vegetable oil. 4 GALT = Gut-associated lymphoid tissues.
heim (1994) observed stabilizing effects of antioxidants on α-amylase under extreme values of pH and temperature. It may be hypothesized that similar effects took place in the small intestine of chicks fed diets enriched with FM and antioxidants. An Aspergillus fumigatus phytase with good stability over a broad pH range from 3.5 to 8.0 that retains >50% of its maximal activity at pH 8.0 has recently been reported (Wyss et al., 1999) . The addition of phytase and antioxidants on top of FM did not change the performance of birds, but it enhanced bone mineralization and slightly increased retention of P. Apparently, under conditions employed in this study, the additional P freed in this process could not be utilized for growth and was deposited in the bones.
Gut-associated lymphoid tissues are known to include the bursa of Fabricius, Peyers' patches, caecal tonsil, and aggregates in the urodeum and proctodeum (Befus et al., 1980) . They play the role of the first immunodefensive line at mucosal surfaces (Lillehoj and Trout, 1996) . Several dietary factors such as aflatoxins, antibiotics, vitamin E, and Se have been shown to influence immune organ weights, indicating immunomodulation in poultry (Ferket and Qureshi, 1999) . In this study, inclusion of the mycelium into the diet resulted in increased weights of bursa and significantly reduced intestinal surface covered by Peyer's patches. The increased bursal size is a promising result that warrants further studies with more specific tests to assess possible immunostimulating effects of the mycelium. The mycelium might partly or fully colonize the upper part of the gut; thus, it protected the intestine from other antigenic exposure that was present in the experimental environment. In that case, a type of competitive exclusion might have accounted for the reduced surface of Peyer's patches.
The enzymic cocktail that comprised phytase, acid phosphatase, pectinase, citric acid, and appropriate concentration of Ca, has already been reported to increase BWG, feed intake, feed efficiency, and toe ash substantially and to decrease intestinal viscosity of growing broilers fed wheat-based diets (Ż yła et al., 2000) . The present study reveals that its effectiveness almost matches the efficacy of FM. In the previous and current investigations, the addition of pectinase on top of phosphorolytic enzymes increased amounts of dialyzable P, protein, reducing sugars, and pentoses, indicating that the crude pectinase preparation employed in these studies was high in different cell-wall degrading side activities. This unique feature of enzymes produced by surface culture fermentation systems has attracted some interest only recently (Nokes, 1999) .
Addition of the two phosphorolytic enzymes (phytase and acid phosphatase) enhanced performance and bone mineralization of chicks compared with birds fed phytase as the sole supplemental enzyme. The enhancement resulted, however, from increased feed intake and not from higher P retention. Acid phosphatase supplementation did not alter amounts of P and Ca excreted by the chickens. In a detailed biochemical characterization study, Wyss et al. (1999) found that fungal phytases cannot release the 2-phosphate group from the axial position of the phytic acid molecule and, consequently, accumulate myo-inositol 2-monophosphate as the final product. The joint action of phytase and acid phosphatase, conversely, liberates all phosphate groups from the myo-inositol ring and lowers the concentration of myo-inositol phosphate intermediates (Ż yła, 1993) . Some of the intermediates are suspected to play a role in the Ca entry from the external environment into cells through the plasma membrane (Phillippy, 1999) . The growth-promoting effect of acid phosphatase might be attributed to the increased inositol concentration in the diet. Finally, it should be noted that the lack of acid phosphatase influence on P utilization and excretion was also reported by Näsi et al. (1999) , who studied the efficacy of phytase along with graded concentrations of acid phosphatase in growing swine.
The Ca and NPP requirements of growing broilers have been estimated to be 1 and 0.45%, respectively (NRC, 1994) . In our study, broilers were fed below the required levels of both nutrients to provide more favorable conditions for phytase action as suggested by Huyghebaert (1996) . The Ca concentration used in the current investigations (0.69%) has previously been established as optimal (Ż yła, et al., 2000) . In case of total dephosphorylation, the nutrient content of the test diets would reach nutrient concentrations provided in the positive control diet. However, feed intake and BWG for birds fed Diets 4, 5, and 6 were significantly higher than those for birds fed Diet 7. Similarly, toe ash of chicken fed Diet 6 was higher than that in other dietary treatments. These results indicate that not only were the nutritional requirements of growing broilers met, but they also suggest a possible enhancement in availability of nutrients other than phytate-P or the presence of growth-promoting factors. The possible presence of growth-promoting factors in FM similar to that employed in the current study has been discussed earlier (Ż yła et al., 1996) .
In conclusion, supplementation of wheat-based, low P diets with phosphorolytic enzymes (phytase and acid phosphatase) with appropriate concentrations of pectinase and citric acid and a novel FM leads to improved performance, bone mineralization, and enhanced P utilization. Further research is warranted to elucidate and optimize the catalytic and immunomodulatory properties of the FM that may possibly serve as a biocatalytic as well as a probiotic culture. Recently, Waldroup (1999) reviewed nutritional approaches to reducing P excretion by poultry. The comparison of the literature data suggests that the enzyme cocktail-FM strategy is a highly competitive one in enhancing BWG, bone mineralization, and P retention in broiler chicks fed wheat-based, low P diets.
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